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springborn Laboratories is engaged in a study of evaluating potenti- 
ally useful encapsulating materials for Task 3 of the Low-Cost Silicon 
Solar Array project (USA) funded by DOE. The goal of this program is to 
identify, evaluate, and recOmmend encapsulant materials and processes for 
the  production of cost-effective, long-life solar cell modules. 
During the past year materials for study were chosen on the basis of 
existing knowledge of generic chemical types having high resistance to en- 
vironmental weathering. 
tics and presented a broad range of mechanical properties and processing 
requirements. 
polymers and were redetermined after exposure to indoor artificial acceler- 
ated aging conditions covering four time periods. Strengths and weaknesses 
of the various materials were revealed and data was accumulated for the 
eventual development of predictive aging methodologies. 
The materials varied from rubbers to thernroplas- 
Basic physical and optical properties were measured on the 
Although most of the initially selected materials will not in them- 
selves be recommended as encapsulants, studies of their properties have 
been useful in determining trends in materials and processing requirements. 
During this quarter, flat-plate solar collector systems were consid- 
ered and six basic construction elements were identified: outer coatings, 
superstrates, pottants, substrates, undercoats, and adhesives. Materials 
surveys were then initiated to discover either generic classes or/and spe- 
cific products to function as each construction element. 
cluded in the surveys permit ready evaluation of each material in terms of 
the LSSA 1982 and 1985 target costs (materials allocation for 1985 is 
$0.23 per square foot). 
Cost data in- 
Silicones, fluorocarbons, glass, and acrylic polymers have the high- 
Only acrylics, est inherent weatherability of materials studied to date. 
however, combine low cost, environmental resistance, and potential 
processability. This class will receive karticular emphasis. 
1-1 
Low-cost coatings to screen out deleterious ultraviolet light were 
also investigated, w i t h  considerable success. One-mil coatings of acrylic 
resin containing W absorbers were prepared i n  the laboratory and found ta 
have zero percent ultraviolet transmittance in several cases. These coat- 
ings may permit the use of low-cost, W-unstable materials as encapsulants. 
The plasma-spray process of applying conformal coatings received fur- 
ther attention this quarter but still proved to be unsuccessful i n  labora- 
tory trials on miniature modules. 
1-2 
2. INTRODUCTION 
3 
3 
The goal of this program is to identify and evaluate materials 
and encapsulation processes for the protection of silicon solar cells 
for service in a terrestrial environment. 
consistent with DOE objactives, for the 1982 requirements of $2.00 a 
watt and for the 1985 target of $0.50 per watt (23 cents per square 
foot materials allocation). 
signed to provide a minimum service life of at least 10 and preferably 
20 years. 
capabilities. 
Systems will be recommended, 
Encapsulation Ldckages are being de- 
Consideration is also being given to mass-production 
Assuming the flat-plate collector to be the most efficient de- 
sign, nine different basic variations have been considered and six 
construction elements identified. These elements are (a) outer cov- 
ers, (b) superstrate materials, (c) pottants, (d) substrates, (e) back 
covers, and (4) adhesives. At present, extensive surveys are being 
conducted into many classes of materials in order to identify a com- 
pound or class of compounds optimum for use as each construction ele- 
ment. Properties being considered are cost, transparency, weathera- 
bility, and applicability processing. 
An additional task is the investigation of ultraviolet light 
stabilizers, antioxidants, fillers, and other techniques to improve 
the weatherability and extend the environmental life of materials 
having low W resistance. Through the use of these processes, other- 
wise unweatherable materials may become cost-effective candidates for 
the LSSA program. 
Prototype cell modules have been encapsulated with combinations 
of materials exhibiting promising properties and are being exposed to 
both natural and artificial weathering conditions. It is anticipated 
that specific problems relating to encapsulation materials and pro- 
cesses will be identified in this study. 
2 
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The testing pragram incorporates evaluation of initial proper- 
ties of selected polymers and subsequent retesting after exposure to 
accelerated aging conditions. The aging environments consist of com- 
binations of heat, humidity, and ultraviolet light, followed by test- 
ing of mechanical and optical properties. 
correlations of natural and artificial aging techniques will result 
from this study and permit predictable accelerated materials testing 
to be conducted. 
It is hoped that definitive 
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still may not have suf f ic ient ly  l o w  modulus to provide the required degree 
of stress r e l i e f  from thermal expansion. 
Although the use of plasma spray has not been overly successful for 
this phase of the encapsulatior. task, it may provide an economical way to 
apply coatings i n  various other areas of the LSSA project. 
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FIGURE 1 
1 I 
Weight (Kg) 1.77 28.2 11.95 
Specific heat (cal/q) 0.25 0.11 0.27 
- - Melting point (OC) 190 
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4. W UPGRADE 
3 
3 
Other than ac ry l i c s  and fluorocarbons, plastics are not inherent11 re- 
sistant to weathering. 
be modified for outdoor use, however. Weather-resistant coatings through 
in te rna l  compounding of special  addi t ives  can adhieve dramatic improvements 
i n  environmental resistance.  
This l imi ta t ion  does not mean that p l a s t i c s  cannot 
Most of the adverse e f f e c t s  of weathering r e s u l t  from the u l t r av io l e t  
portion of sunlight,  generally i n  the range between 300 and 400 namometers. 
The energy contained ir. u l t r av io l e t  l i g h t  can break t h e  molecular chains i n  
a polymer and prcPnote oxidatmn, eventually resu l t ing  i n  loss of mechanical 
and other  properties.  
terial, the additives, the total  amount of radiat ion absorbed, the tempera- 
ture ,  humidity, and possibly other factors.  
Deterioration by weathering w i l l  depend on the  ma- 
Protection from W l i g h t  is obtained with s t a b i l i z e r s  known as ultravio- 
le t  inhibi tors ;  and protection from oxidation i s  achieved w i t h  t h e  use of 
antioxidants. Most frequently the t w o  used together have a synergis t ic  ra- 
act ion in which the  increase i n  weatherability is grea te r  than tha t  obtained 
with the use of e i t h e r  one alone. Antioxidants used alone - especial ly  i n  
large quant i t ies  - often accelerate  W-catalyzed degradati 41. 
The most e f f i c i e n t  form of s t ab i l i za t ion  involves the -ise of pigments 
which render the polymer opaque. 
proving the weather resistance of p l a s t i c s  is  to  compoimd them w i t h  carbon 
black. 
t ions  of the  spectrum and addi t ional ly  serves as a free-radical t r a p  t h a t  
i nh ib i t s  chain rcission. Zinc oxide is  another UV-absorbing opaque pigment 
that is white i n  color and consequently heat and l i g h t  re f lec t ive .  
the primary interest i n  LSSA a t  present is transparent pot t ing compounds, 
the  use of opaque addi t ives  w i l l  probably f ind appli.cation i n  the s tab i l iza-  
t ion  of substrate and undercoating materials.  
Generally, the  most e f fec t ive  means of i m -  
Carbon black is t o t a l l y  opaque to both v i s i b l e  i l d  u l t r av io l e t  por- 
Although 
Transparent materials .ice miich mo;e d i f f i c u l t  t o  s t ab i l i ze ,  requiring 
either appropriately select ,  overcoatings and/or the correct  blend of W 
0 
I 
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absorbers, antioxidants, and other stabilizers. Tables 1 and 2 list vari- 
ous common commercial UV stabilizers and antioxidants. W stabilizers are 
typically used at 0.2-0.8 parts per hundred parts resin, and antioxidants 
at the 0.05 to 0.5 parts level. 
demonstrated in previous studies (Fifth Quarterly Progress Report, August 
1977) and found to be successful in retaining optical transpb-ency of the 
four polymers exposed. 
will be available when data are reported at the end of the eight-month 
exposure period. 
Upgrading by internal compounding has been 
Further information on the efficacy of this approach 
During this report quarter, stabilizing films and coatings were inves- 
tigated. 
W-absorbing films were discovered. 
been laminated coxcercially over thermoplastic sheet materials, with notable 
increases in weatherability. Korad acrylic film (Excel Corporation, Newark, 
New Jersey) is another example of this approach. 
Upon surveying present commercial sources, very few transparent 
Acrylic or fluorocarbon films have 
Only three domestic commercial ultraviolet-atsorbing films were d i  
ered: Tedlar UT (Du Pont, Wilmington, Delaware), Llumar (Martin Procedirq, 
Martinsburg, West Virginia), and a plasticized polyvinyl butyral - Saflex 
W-40 (Monsanto Chemical Company, Springfield, Massachusetts). Saflex UV-40 
is a sheet resin employed in laminating architectural safety glass. 
ultraviolet screening agent serves to protect the colors of rugs, fakc. -I , 
paFnthgs, etc., behind shopfront windows. It is designed for and r c L '  .:- 
ted to use as a glass laminating material. The other two films - Tedlar UT 
(0.001 inch) and Llumar (0.005 inch) - cost $0.046 and $0.22 per square foot, 
respectively, or 20 and 95 percent of the 1955 materials cost allocation for 
the encapsulation task. 
Tedlar is still expensive at one-fifth of the total allocation. 
The 
The Llumar film can oLviously not be used; and the 
Experiments were conducted to determine the feasibility of preparing 
low-cost, U\'-absorbar,t coatings. Solution acrylic coatings were chosen as 
the vehicle (Acryloid rories; Rohm L Haas Company) due to their low cost, 
transparency, and inherently excellent weathering charcxeristics. Three UV 
absorbers chosen from the benzophenone and benzntriazole classes of W sta- 
bilizers (Table 1) were blended into each of the formulations shown in 
4-2 
c 
Table 3 at two concentrations. 
pi thickness of 0.001 inch. The 2 and 5 phr concentrPtions were chosen based 
on Springborn Laborstories eqerience: the 5 and 1C phr levels used for 
Penaasorb WA were based on recommendations by Rational Starch. 
F i l m s  were subsequently cast  and ?,ried to 
Transmittance measurements show these films to be approximately 80 per- 
cent transmissive in the visible regions, and from zero to 11 percent trans- 
missive in the ultraviolet range. 
at all in the W region, and these ranged from $0.0092 to 50.0122 per square 
foot per mil. 
Tedlar or 5 percent of the materials cost allocatioq. Increase in additive 
level of the UV stabilizer does not zlways result in a significant decrease 
,n W transmission. This may occur because the W transmission is already 
low, t.-~ a c  the lower additive corcentration. Extznsive effort is rec.iired 
to optimize the W additive system with regard to type and concentration of 
UV stabilizer(s) and presence of synergists. Optimum systems will also vary 
with the polymer vehicle. 
Four farmulations had no transmittance 
This corresponds to approximately 20 percent of the cost of 
The efficacy of these coauings in Frotecting an underlying pottant is 
not know at this time, but experiments &.re in progress to generate conpara- 
tive data on the dei:.es of protection offered by these coatings versus Tedlar 
and internal cornpxi rng of UV stabilizers. 
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Trade Nam? 
: ,! 
chemical Name Function Hanufacturer 
TABLE 1 
W Stabilizers 
. Benzotriazoles - 
2-l3',5'-di-t-butyl-2'- 
c k  orobenzotriazole 
T i n w i n  327 hydroxy phenyl)-5- 
I 
C i b a  
W absorber Geigy 
t I I I 
W absorber I 2- (2 ' -hydr0--5 ' -methyl I phenyl) benzotriazole 
American I W-531 I beazophenone I c v d d  I W absorber 2-hpdroxy-4-n-octoxyty- 
Ciba 
Geigy 
I I I 
I I 
Cyasorb 
w-1084 
[2,2' - thiobis  ( 4 - t - o c t ~ l  Excited state American 
quencher Cyanamid phenolato)] n-butyl- amine Nickel 11 
1 .  Nickel CompleXeS - 
I 
W a b s o r k r  N- ( p  -cyano- p -carbo- 
methyindoline 
Absorber methoxy vinyll-2- 340 
Nickel bisoctyl  phenol I AM-1os I sulfide 
Mobay 
t I I I I I i - 
I I 
I 
I 
. Acrylonitri les - 
P r i c e  
(S/Lb) 
6.70 
12.40 
4.80 
10.20 
9.75 
9.25 
3.85 
5.65 i LO. 99 
... Continued 
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Trade Name Chemical Name Function Manufacturer 
I 
Benzylidene Malonates - 
I 
! 
! 
AM-340 
2,4-di-t-butylphenyl- 
3,5-di-t-butyl-4-hy- 
droxybenzoate deactivator 
Inhibitor Resorcinol wnobenzoate I ! W absorber Eastman i 
Sa lo1 Phenyl salicylate W absorber DOW 
Radical 
deactivator 
Ciha 
Geigy 
TABLE 1 - (Continued - 2) 
Price 
( S / U )  
8.10 
6.40 
12.60 
~~ ~ ~~ 
Acrylonitriles (Continued) - I -I- o 
W absorber Ethyl-2-cyano-3,3-di- I phenyl acrylate Uvinul I N-35 
t I I 1 I I I W absorber j G A F  2-ethyl hexyl-2-cyano- I 3,3-diphenyl acrylate Uvinul I 1-539 Q 
(p-mthoxybenzylidene) 
malonic acid, dimethyl 
ester 
i American W absorber ; 
' Cyanamid 
I 
Cyasorb 
W-1988 
,I I ( p-me thoxyben zy 1 idene 1 malonic acid, diethyl 
ester 
i 
W absorber ! American CyanamidCyasorb 
W-3100 
I 
Q i I . Benzoate Esters - 
4.75 
3.47 
Discon- 
tinued 
2.15 
3.60 
13.20 
3 
I I Salicylates - I I W absorber Easman I sali- 
I I W absorber 4-t-butyl phenyl sali- I cylate 
. Amine - 
Tinuvin 
770 Hindered amine I 
4-5 
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Price 
[$/a) 
1.06 
3.60 
6.70 
1.81 
3.40 
(a) 
2.27 
- 
5.00 
5.40 
5.30 
TABLE 2 
. Alkylated Mono-Phenols 
2,6-di-t-b~tyl-4-~thyl 
Ionol phenol 
I 
Anticxidants 
Free-radical 
scavenger 
I Trade Name I Chemical Name I Functions 
Octadecyl 3- (3' ,5' 4i-t- 
butyl-4'-hydro~~ph~Yl) Pro- 
pionate 
I I I 
Free-radical 
scavenger 
8 
O,Oai-n-octadecyl-3,S,-di- 
t-butyl-4-hydroxybenzyl I phosphonate Irganox 1093 
0 
Free-radical 
scavenger 
0 
cyanox 2, 2hethylene bis- (4-methyl- Free-radical 
2246 6-t-butylphenol) scavenger 
, 
0 Santonox 
r3 
Free-radical 
peroxide de- 
composer 
4,4' -thiobis- (6-t-butyl scavenger; metacresol) 
3 
2,I-bis (n-octylthio) -6- (4- 
hydroxy-3,S-di-t-butyl 
anilino)-l,3,5-triazine 
Irganox 
565 
Free-radical 
scavenger; 
peroxide de- 
composer 
4,4'-butylidene bis(6-t- 
butyl-m-cresol; 
. Alkylated Poly-Phenols 
3,5-di-t-butyl-4-hydroxycin- 
Good-rite namic acid triester with 1, 
3125 3,5-tris(2-hydroxyethyl) tri- 
azine-2,4,6-trione 
L 
Free-radical 
scavenger 
Free-radical 
scavenger 
I 1 . Alkylated Bis-Phenols 
Tetrakis [methylene 3- (3' ,5'- 
di-t-butyi-4' -hydroxyphenyl 1 
propionate ] methane 
Irganox 
1010 
Free-radical 
scavenger 
1,3,5-trimethyl-2,4,6-tris 
Antioxidant (3, S-di-t-butyl-4-hydroxy 
I I 
Free-radical 
scavenger 
~~ 
m u f  ac turer 
7 
Shell 
Ciba-Geigy 
Ciba-Geigy 
American 
Cyanamid 
Mon santo 
Ciba-Geigy 
Monsanto 
Goodrich 
Ciba-Geigy 
Ethyl 
E 
(a) Development product 
... continued 
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CAO- 30 l,l'-thio bis (2-naphthol) 
Wytox 438 Polymeric phosphite 
' Agerite Sym. dibetanaphthyl-p- 
White phenylenediamine 
TABLE 2 (Continued - 2) 
I Trade Name I I Chemical Name Functions Manufacturer ?rice S / L b )  
Alkylated Poly-Phenols (Continued) 
3:l condensate of 3-methyl- 
6-t-bnylphenol with cro- 
tonaldelhyde CA 
Free-radical 
scavenger IC1 3.89 
Free-raci csl 
scavenger Ashland 3.00 
~ -~ 
1.31 
8, I F p  1 Dilaurylthiodipropionate Peroxide decomposer American Cyanamid 
American 
Cyanamid 
t I 1 
Peroxide 
decomposer 1.33 
Cyanor D i  steary 1 thiodiprop iona te I sTDp I 
0.96 Q American Cyanamid Ditridecylthiodipropiwate 711 
Peroxide de- 
composer and 
metal deact 
vator 
Tri(mixed mono- and dinonyl) Polygard Un iroya 1 0.62 B 
Same Steps1 I 0.66 
Same Borg-Warner 2.45 
I I . Amines Free-radical 
scavenger; 
copper m- 
hibitor 
Vandetbilt 2.59 
I I 
Same Uniroyal 2.07 N,N'-diphenyl-p-phenylene diamine JZF 
. Mis;ellaneous Metal Deactivatoe 
I CHEL 180 I Proprietary Metal deactivator Ciba -Ge igy 6.75 
~~ 
Same I ~ 2 ;  I Proprietary triazole Argus 11.70 
I . Dithiocarbamate 
1 Zinc diethyldithiocarbamate I Zimate Vanderbilt 1.06 Peroxide de composer 
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TABLE 3 ORIGINAL PAGE IS 
OF POOR QUALITY Ultraviolet-Absorbing Coatings 3 
(Based on Rohm & Haas A c r y l i c s )  
(a) 
Acryloid 
N u m b e r  
(dl 
optical Transmission C 
(el 
st 
3 Absorber S/ft2/  
mil 
W 
290-350 
V i s i b l e  
350-800 IUX 
A-6693- 
4 
- Winul  400 6 81.7 1.248 0.0076 8 4 4  B-44 f i  ~ 0.0086 2 79.4 
T h ~ v i n - P  2 3 79.9 1.299 0.0079 
Tinuvb-P 5 0 71.7 1.542 0.0094 
B-44 
B-44 
8-7 2 ea Uvinul 400 2 11 83.7 1.368 0.0083 
mind 400 5 3 83.1 1.532 0.0093 
T h w h - P  2 5 82.7 1.419 0.0086 
8-72 
B-72 
B-72 Tinuvin-P 5 0 81.6 1.659 0.0102 
W i n d  400 2 9 83.5 1.200 0.0073 8-8 2 
Uvinul 400 5 1 82.6 1.368 0.0083 
Tinuvin-P 2 1 82.8 1.251 0.0076 e 
1 L  B-8 2 Tinuvin-P 5 0 82.1 1.495 0.0092 
Permasorb-MA 5 S 83.0 1.590 0.0097 
Permasorb-MA 10 1 80.8 2.043 0.0125 
13 6-44 
B-4 4 e, 
~ ~ ~~ ~~~ ~ ~ ~ 
Permasorb-MA 5 9 80.0 1.707 0.0104 
Permasorb-MA 10 2 82.0 2.154 0.0132 
B-72 
8-72 
B-82 j t.1 
I 
Q 
PermasorS-MA 5 2 81.8 1.543 0.0094 
Permasorb-MA 10 0 80.8 11.999 .;0.0122 
17 
18 B-8 2 
(d) Solution acry l ic  coatings 
(b) Absorber dissolves i n  ac ry l i c  sotution by s t i r r i n g  a t  
60°C fo r  20 minutes. Formulations a l so  contain 1 %  
Cyasorb 'Jv-1084 quencher €or additional s t a b i l i t y .  ... Continued 
4-8 
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Formula 
A-6693- 
0 
(a) (b) 
Acryloid Absorber Number 
TABLE 3 (Continued - 2) 
(C) (d) 
@ t i c a l  Transmission 
Level 
(Phr 1 w V i s i b l e  
290-350 ~n 350-800 
? 0 75.2 
? 0 90 (f) 
(el 
Cost 
$/lb $/ft2/ 
(Dry) mil 
- - 
6.75 0.0482 
W-40 
BG30-UT 
Saflex Proprietary 
Tedlar Proprietary 
I I I 1 
(c) phr = Parts per hundred parts resin,  based on s o l i d s  content. 
(d) Integrated transmissions on 1-mil f i lms. 
(e) Based on assumed average density of 1.18, or 0.0426 W i n .  . 
(f) Based on manufacturer's data for t h i s  film. 
3 
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5. ENCAPSULATION DESIGNS AND MATERIALS 
INITIALLY SZECTED MATERIALS 
Twentyfour materials were originally selected for study in this pro- 
gram, on the basis of transparency and weatherability. 
g W l y  investigated polymers proved to be cost-ineffective and/or not 
amenable to any processing method that could be used to encapsulate solar 
calls. 
tants and did not include other possible construction elements such as sub- 
strate materials; protective coatings were briefly investigated. Useful in- 
formation has been obtained, however, that provides a good base of experience 
and accumulated data that is applicable to further material studies. 
Most of the ori- 
The selection of materials was directed solely at transparent pot- 
In a contiiuation of t h i s  original program, data are being obtained 
from outdoor exposures as well as from the original accelerated aging ex- 
posures so that correlations between natural and artificial accelerated en- 
vironments may be made. 
the polymers under investigation have not finished their exposure terms un- 
der natural conditions. 
and Arizona at 4S0 angle exposure, and in Arizona in the EMMAQUA (a device 
combining natural sunlight with artificial acceleration by means of mirror 
concentrators plus a water spray). 
Arizona in the EMMAQUA. 
No final conclusion can be drawn at this time, as 
Tensile bar samples were put outdoors in Florida 
Encapsulated cells are under exposure in 
The first set of data from an outdoor =QUA accelerated aging condi- 
tion has been obtained. 
mers after four months of exposure to EMMAQUA. 
for this outdoor accelerated exposure on the basis of elongation results 
following accelerated indoor aging. We purposely chose polymers ranging 
from excellent to poor to examine the correlation between RS-4, Weather- 
meter, and oven aging with outdoor normal and EMMAQUA accelerated exposure. 
Table 4 shows the change in properties of ten poly- 
The materials were chosen 
All polymers except polyvinyl butyral (WB) were exposed as tensile 
bars fastened to a stainless steel mesh backing. PVB is being exposed in 
5-1 
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the form of t e n s i l e  bars sandwiched between g l a s s  and FEP, with g l a s s  on 
the  exposed side. This is not a laminate. 
Table 5 compares the  results of l o s s  of v i s i b l e  op t i ca l  transmission 
and elongation a t  break after four months outdoors under EMMAQUA with 240 
days under the RS-4 Sunlamp and the  Weather-Ometer. In  general, correla- 
t i o n  is good. 
l e n t  outdoors are also stable under accelerated indoor aging - e.g., War 
500 and FEP 100. Similarly,  Tenite 479 and Lexan 123 are poor in both the 
accelerated indoor weathering and the  EMMAQUA outdoor weathering. There 
is an approximately similar transmission loss f o r  Tedlar 20 both indoors 
and outdoors. 
sion in both the w e t  EMMAQUA and the  w e t  Weather-meter, but no t  i n  the dry 
RS-4 Sunlamp. 
moisture-sensitive i n  the aresence of W l i gh t .  
It is obvious t h a t  those sample materials t h a t  are zxcel- 
Sylgard 184 evidences a loss of over half  of i ts  transmis- 
This reconfirms previous conclusions that s i l icones  are 
It is too soon to d r a w  any d e f i n i t e  conclusions, but it is hoped that 
the EMMAQUA experiments and information r e su l t i ng  from the o ther  accelerated 
test methods can eventually be assembled i n t o  a coherent presentation from 
which posi t ive cor re la t ions  may be drawn. Conclusions resu l t ing  from this 
study w i l l  be invaluable for the rapid se lec t ion  and evaluation of fu ture  
materials. 
Variations i n  mechanical propert ies  versus temperature were also p a r t  
of the o r ig ina l  endeavor t o  character ize  material performance. 
through 9 present the measurements of t e n s i l e  s t rength,  elongation a t  break, 
t.ensile modulus, and y ie ld  s t rength fo r  twelve polymers a t  s i x  temperatures 
between -2OOC and +8OoC. 
can be seen to  decrease with increasing temperature, while modulus and ul- 
timate elongation show considerable var ia t ion.  
T a b l e s  6 
Generally, t e n s i l e  s t rength and y ie ld  s t rength 
Another basic material property, coef f ic ien t  of thermal expansion, ap- 
pears i n  Table  10. 
a l s  from the  o r ig ina l  program using test  method ASTM D-696. 
and l i t e r a t u r e  supplied values for  an addi t ional  s i x  materials.  
be readi ly  observed t h a t  the polymers investigated have coef f ic ien t  of ex- 
pansions of approximately eight  t o  s ix ty  times t h a t  of s i l i con .  
Linear thermal expansion was determined on n i n e  materi- 
Manufacturers 
It  can 
This 
Q 5-2 
I 
3 
indicates that stresses will appear on solar cell wafers encapsulated in 
any one of these materials upon thermal cycling. However, materials of 
low modulus shoulc? ' 3  capable of absorbing the stress without damage to 
the cell, as, for example, silicone resin. 
DESIGNS AND CONSTRUCTION ELEMENTS 
An improve? approach of broader scope for the successful selection of 
potentially useful materials was derived from the specification of design 
elements. 
ficient construction, nine different design options can be considered and 
are presented in Figure 2. The designs are useful to determine the number 
of glue lines, fabrication processes, material cost estimates, etc. Using 
the flat-plate model, six construction elements may be discovered: 
On the assumption that the flat-plate collector is the most ef- 
1. Outer covers (e.g., conformal, W scre .., protective) 
2. Substrates (structural, load-bearing) 
3. Pottants 
4. Superstrates (structural, load-bearing) 
5. Back covers 
6. Adhesives 
Materials may now be identified in terns of their function(s1, or func- 
tions can be described and specific materials recommended to suit the use. 
The substrate/superstrate materials are briefly summarized in Table 11. 
This listing of potentially useful structural materials is just a first cut; 
other materials will be added on further investigation - e.g., other fiber- 
glass filled compounds, etc. 
for the purpose of comparison. 
is chip board at $0.042 per square foot. 
rigidity that is most important and not merely cost per pound. 
is needed in the substrate to withstand wind loading. 
Costs are normalized to 0.1 inch thickness 
The least expensive substrate material found 
However, it is cost per unit of 
The rigidity 
The transparent polymer which will be used to encapsulate the solar 
cell is perhaps the most critical construction element. This encapsulant 
must withstand long years - up to 20 or more for the long-range goal - of 
weathering under a wide variety of conditions. 
loss of transparency and vithout excessive loss of physical Troperties. 
It must do so with minimum 
5-3 
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'RaL polymers that are most weather resistant are also the most 
costly - i.e., the fiuorocarbons. Acrylics are also highly weatherable 
and very much more reasonable in price, but those investigated in the 
original program were not fabricable due to high melting point and exces- 
sive rigidity. 
We will now explore two routes to a cost-effective encapsulant: 
1. Investigate the Availability 
of Fabricable Acrylics 
A broad ranging survey is being conducted with all acrylic manufac- 
turers to find an acrylic - probably a copolymer - that will be fabricable 
at reasonable temperatures rbelow 250-3OO0F) and still be *%ather resis- 
tant. This data will be made available in the next quarterly report. 
2. Use of a Fabricable and Less Expensive 
Polymer That Is Not UV Stable 
Many polymers are available at under $1.00 per pound, Unfortunately, 
with the exception of acrylic, they are all unstable to weathering - i.e., 
UV-catalyzed oxidation. 
It will be necessary not only to stabilize the selected polymer with 
internally compounded additives but also to protect it externally with a 
coating or film containing high concentrations of W stabilizers. 
Table 12 - parts A through D - contains a listing of all (hopefully) 
U. S. manufactured transparent commercial polymers. The table is set up 
to include in the first section a description of the polymer - i.e., its 
generic chemical type, at least one of its trade names, and the manufac- 
turer. A given polymer is often available through other producers, but 
for the sake of convenience only one has been listed. 
The next section of the table describes processability as being either 
in liquid or solid form. 
the fabrication temperature is shown as either less than ( < )  or greater 
than 0 )  250'F (a few are at 250'F). It is essential that the fabrication 
(extrusion, compression molding, injection molding, thermoforming) tempera- 
ture be below 350°F t o  avoid melting the solder and to avoid the need for 
Liquid signifies a casting process. Under solid 
5-4 
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high forming pressures t h a t  would crack the br i t t l e  s i l i c o n  cell. 
250 F temperature is an approximation and should allow a su f f i c i en t  sa fe ty  
factor.  
The 
0 
In the cent ra l  portion of the t ab le  is  a column showing the survival  
prognosis; this involves the survival  span i n  years of unprotected materi- 
a l s .  
p le te ly  protected polymers. 
of an  in te rna l  W addi t ive synerg is t ic  system and a f i lm or coating contain- 
ing a high l eve l  of W absorber t o  screen out  the impinging W l igh t .  
of these f igures  are educated opinions, s ince this type of information is  
ra re ly  available. 
ranges and those for the protected polymer a s  Fair (F) o r  Good (GI a t  10 
and 20 years of l ifetime. 
In the  next c o l m  is shown an upgrading po ten t i a l  i n  years of com- 
By complete protect ion we imply a high l eve l  
A l l  
The years  predicted fo r  the v i rg in  polymer are given i n  
The following portion of the t ab le  contains literature information on 
propert ies  - hydrolysis res is tance (educated opinion),  t e n s i l e  modulus, re- 
f r ac t ive  index, density,  and coef f ic ien t  of thennal expansion. W e  chose 
w h a t  we considered to be the most important properties.  
is c r i t i c a l  t o  fabrication; i f  there i s  too much s t i f f n e s s ,  the polymer would 
require such a high pressure to  be fabricated that it would crack the cell. 
In  addition, a s o f t  p l a s t i c  may be necessary t o  absorb stress generated by 
the different i n  coef f ic ien t  of thermal expansion between inorganic sili- 
con and an organic polymer. 
S t i f fnes s  (modulus) 
The f i n a l  (extreme r i g h t )  portion of the tab le  covers costing i n  terms 
of cost  per pound, cost per volume a s  $/cubic inch, f i l l  (space between 
cells) cos t  a s  $/square foot ,  and the cost  fo r  an addi t ional  5-mil (0.0005 
inch) protect ive covering f o r  the cell-. The t o t a l  encapsulant cos t  is  the  
sum of the f i l l  and the cover cost .  
We have condensed the  list of transparent polymers in to  a small group 
of materials i n  T a b l e  13 which a re ,  o r  a t  l e a s t  have t h e  po ten t ia l  of being, 
eas i ly  processable. 
that can be cas t  and those t h a t  a re  fabr icable  below approximately 25OoF. 
Only those polymers a re  included i n  t h i s  t ab le  w h o s e  all-around propert ies  
o f f e r  chance of success. 
This tab le  is divided in to  two groups: those polymers 
By t h i s  we mean: 
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a. 
b. 
C. 
a. 
e. 
f .  
The price must be reasonable. 
S t i f fness  modulus must be r e l a t ive ly  l c w .  
The polymer must be processable. 
There must be a reasonable poss ib i l i t y  that the polymer 
can be upgraded to last 10 years and hopefully 20 years 
through in te rna l  and external protection. 
The polpr mhst have reasonable physical  properties.  
This rules out, f o r  example, the cheap but b r i t t l e  hydro- 
carbons from Neville Chemical. 
The polymer sheet m u s t  be transparent. 
The pr incipal  example of a cast ing r e s in  is the presently used sil icone. 
Cast acry l ics  are much The s i l icones  have the obvious disadvantage of price. 
lower i n  cost. 
is f lex ib le  - i.e., one having a r e l a t ive ly  l o w  modulus - to provide stress 
r e l i e f  because of the difference i n  coeff ic ient  of thermal expansion between 
s i l i con  and polymer. 
ethylene/vinyl acetate copolymer, and acryl ics .  A thermoset polyester is 
included. Polyvinyl chloride copolymer is  included i n  the top group as a 
p l a s t i s o l  and i n  the bottom group as a p las t ic ized  resin.  
thane has been found so far.  
However, we must be careful  t h a t  we use a cast ing r e s in  that 
!l!here are t w o  types of hot m e l t s  being considered: 
One a l ipha t i c  ure- 
The solid polymer/low temperature fabr icable  group is headed by polyvinyl 
butyral  (PVB). This material i s  sold i n  p las t ic ized  form; and one grade, of 
course, i s  the  famil iar  safety g lass  in te r layer  i n  automobiles. 
recent work and considerable p r io r  study a t  Monsanto ( t h e  manufac'xrer) in- 
d ica te  that  unprotected PVB, as expected, is  a W- and thermally unstable 
polymer. 
reason why PVB should be W/oxidation s table .  
glass ,  both oxygen and moisture a re  excluded. THIS I S  THE PRIMARY REASON WHY 
Both our 
By "as expected" w e  mean t h a t  there i s  no theore t ica l  or prac t ica l  
When PVB is laminated between 
PVB IS STABLE AS A SAFETY GLASS INTERtAYER - ANG MONSANTQ AGREES. 
We w i l l  conduct W exposure experimenis S.n t h e  presence and absence of 
Monsanto w i l l  a l so  provide us w i t h  a i r  and moisture t o  reprove t h i s  point. 
F 
c 
5-6 
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8 
special grade of PVB stabilized with internalljj compounded W additives. 
Thcv claim that t h i s  material w i l l  las t  a t  least 1C years, and perhaps 
loaqer, without further protection. Monsanto people also state that the 
hydrolytic sensitivity of PVB is not inherent i n  the polymer but is caused 
by impurities. 
The solid, lowmelting ethylene copolymers shown in the t a l e  are not 
stable to W but w i t h  both internal protection and external sc-eening 
'offer the possibility as a long-term encapsulant. 
Finally, again we have the potential of a low-melt. rylic co- 
polymer. 
A l l  of the candidates in t h i s  final table (Table 13) w i l l  be hmesti- 
gated as encapsulation candidates. 
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TABLE 5 
Comparison of Outdoor EMMAQUA Aging with Accelerated 
Aging Under the RS-4 Sunlamp and Weather-Ometer 
- 2
I Tedlar 20 
3 I FEP 100 
I Kel-F 6060 
Sylqard 184 
Plexiglas V 811 
Plex-jlas OR 61K 
Tenite 479 
I Lexan 123 
L 
V i s i b l e  Transmission ($1 (a) 1 Tensile Elongation ( % I  1 
70 71 175 182 234 255 
1 
76 19 34 30 120 145 89 172 
84 65 68 78 220 263 265 312 
8i 57 68 68 130 7c 150 165 
76 30 64 26 106 80 87 88 
92 I 7 9  1 7 6 ! 8 l l  5 1 2  1 1 . 5 1  2 I 
5- 9 
TABLE 6 
Mechanical Property/Temperature Variation 
Property: Ultimate Tensile Strength (psi) 
RaSM t- -20% Manufacturer 
Wlar 500 Allied 
15,145 
Plexi DR-6lK Rob & Haas 
~ ~~~ 
FEP-100 DuPont 5275 
Tenite 479 Eastman 
Sylgard 184 Dow Corning 505 
RTV 615 G.E. 775 
Kd-F 6060 3M 8825 
PFA 9705 DuPont 4600 
Pl-i V-811 
Temperature I 
~ 
O°C I 23OC I 4OoC I 60% 1 8OoC I 
8470 8405 6015 I 5900 4950 
13,705 12,510 8060 7890 7785 
7705 5525 4355 2985 2300 
4950 3860 3295 2070 1725 
5070 4695 3555 3230 2165 
520 450 380 340 315 
510 460 570 405 730 
7330 5655 4150 3200 3025 
4615 4030 3010 3430 2680 
6675 1 5365 1 4455 I 3800 I 3035 I 
-~ ~- ~ ~~ ~- ~~ ~ 
(a) No break; elongation exceeds machine capacity. 
3 
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- 3 TABLE 7 
Mechanical ProPerty/Temperature Variation 
3 
8 
G 
Property: Elongatioir a t  Break ( & I  
~- ~-~ ~ 
Temperature 
Manufacturer ’ Resin 
-20% 0% 23OC 40°C 6OoC 8OoC 
tlalar 580 Allied 285 290 27E 265 365 445 
Wlar 20 DuPont 200 220 IS5 140 135 160 
Plexi DR-61K 1 b h m  6 Haas - 20 2s 45 90 150 
FEP-100 hrPont 64 0 690 330 310 295 225 
Tecite 479 -stman - 60 80 75 100 9s 
Sylgard 184 Dow Corning 230 210 110 70 85 65  
ATV 615 C. E. 430 420 120 110 100 110 
-1-F 6060 3M 50 80 175 180 280 310 
PPA 9705 DuPont 520 540 280 255 325 365 
Plexf V-811 Rohm 6 Haas - 20 5 5 10 1 5  
70 Viton A-HV DuPont 200 >70da’ > 1068’ ,500 185 Fa I - 
C-4 Polycarbonate Union Carbide - 30  50 4 5  60 75 I I I 1 
(a) Elongation exceeds machine capaci ty  
3- 11 
0 
TABLE 8 
Mechanical Property/Temperature Variation 
property: ~ d o d ~ l u s  x 105 psi 
0 
3 
Eaanuf acturer 
(a) Figures  shown indicate p s i  x 1.0 a t  50 percent elongation 
ORIGINAL PAGE IS 
YOOR QUALlTY 
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TABLE 9 
e 
3 
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Mechanical Property/Temperature Variation 
Property: Yield Strength ,psi) 
Manufacturer 
(a) lba samples yielded; one sample had no yield. NY = No Yield 
(b) Pseudo yield point  
( c )  lbm samples had no yield; one sample yielded. 
I 
TABLE 10 
Linear Thermal Expansion 
ASTM D696 
3 
Q 
~ ~~ ~ _ _  ~ 
Coatings/Encapsulants 
malar 500 8.6 
Plexiglas DR-61 9.3 
FEP 100 11.7 
Tanite 479 CAB 14.5 
-1-F 6060 7.0 
PFA 9705 15.7 
Plexiglas V811 6.3 
C-4 Polycarbonate 9.7 
Lexan 111-123 3.7 
2.8 
Sylgard 184 30.0 
RTV 615 27.5 
Q3-6527 Gel  
(a 1 
(a 1 
(a) 
I 
1.45 X 10- 3 (b) 
Solar C e l l s  
Si l icon 
Solder 
(C) 
( C )  
0.3-0.7 
2.5 
(a) Value submitted by manufacturer. 
(b) Cubical expansion: cm /cm / C. 
(c) 
3 3 0  
Handbook of Chemistry and Physics: 
Chemical Rubber Publication Company, 
30th Edition (1948). 
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Processable Transparent Polymers 
;.crylics 
HGt melts - 
upgrading 
Potential 
in Years 
1.50-1.65 I G G 
. CastingPolynrers 
Ethylene/vinyl acetate 
Acrylic 
Silicone - Sylgard 184 - 436527 
Aliphatic urethane F 
0.80-0.90 G F 
1.50-3.00 G G 
0.50-0.60 Polyvinyl chloride copolymer plastisol G F 
Flexibilized polyester 0.38 
. Solid Polymers Fabricable Below 250°F 
Polyvinyl butyral 1.50 
Acrylic cop: mer 1.30 
G F 
G F 
G G 
Ionomer 0.64 F-G P-F 
5-23 
Ethylene/vinyl acetate 
Ethylene/achyl acrylate - 
d" 
0.50 G F 
0.48 G F 
Plasticized polyvinyl chloride 
copolymer F o. 30-o.40 
a FIGURE 2 
Flat-Plate Solar Module &sign - 
No. Description 
-.- 
Cell? boded to rigid substrate; trans- 1. parent ac@ant, top cmmr. 
I I 
1 I 
Rigid single transparent encapsulant; 
tap cower. 3. I I 
F l a n i h l e  shgle transparent encapsulant: 
rigid clear superstrate. 4. 
I 
I - I  Pl@xible single trampa?xnt encapsulant; 
rigid substrate . 5. 
C e l l s  bonded to rigid substrate; clear 
conformal top coat. 6. 
C e l l s  bonded to clear superstrate/top 
' 0  cover; conformal under coat. 
Cells bonded to rigid substrate; clear 
encapsulant; air gap; top cover. 8.  E 
Cells bonded to r ig id  substrate; air 
gap; top cover. 9. 
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6.  CONCLUSIONS AND RECOWTENDATIONS 
2. phb ability to f o n d a t e  ultraviolet scnnurinp coatings of l o w  cost 
&s baeR -atedo Using solution acrylic polymers ( R o b  s Emas, 
Auyloid aexies) as vehicles, coatings of one mil thickness wra found 
to ham low, rrrf rd m a l  cases xero, percent trMaPittbncs in thQ 
of $0001 per rquare foot psr mil. 
range fram 290-350 nm. T h  cost of t h s e  coatings was in tha order 
3- mSUlt8 Of rerrtSria t 8 S w  &tar tha fkst 6MIAQpIA eS@OoUrr, 
(4-Blonth) h8ve bacm O b t r i a a 8 e  The at8 shows wry similu trends in 
*tical proparties to the 24O-day exposures to thathe-ter and 
RS-4 fluoreseerit tumlamp conditions. 
hopefully y ie ld  a wre dofinite correlation of natural and artificial. 
weathering concZitionr, in tho future. 
This and other 6)81AQwI data will 
4, Coefficients of linear theraral expansion were measured for thirteen 
polymers and found to be eight to sixty t h s  that of silicon. Thbr- 
m a l  cycling will obviously causa stresses to form at any polymr/cell 
intauface. 
low Bldhrlus to a-te expansion differentials. 
The encapsulant material must tbrefore be of sufficiently 
5. TIm flat-plate module construction is assumed to be the most efficient 
collector surface@. Based on this assumption, nine basic variations in 
design wue considered from which s ix  construction elements could be 
identified. This permits selection of materials for use as specific 
elements and introduces a much broader range of possibilities. 
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8. The wst  faherently wathsraBle materials found to date are fluorocar- 
bons, silicones, glass, and acrylfc:;. Acrylics are the mly weather- 
able p o l p r s  shawinq potential for ready processing and low o s t .  
Platerials suxweys will consgquently aaphasize them. 
* 
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Efforts during the next quarter will emphasize the following 
acuvities: 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Trial  encapsulation of miniature solar cell amdules with a 
compound optimized for the plasma spray process to further 
investigate the feasibility of this method. 
Purther investigation into low-cost ultraviolet screening 
coathgs using silicones and acrylic vehicles. 
Determination of the efficiency of the W screen coatings 
prepared to date by examination of their ability to protect 
unstable polypropylene. 
The preparation of functional Saflex (plesticized PVB) and 
glass laminated solar cells for inclusion into the encaprm- 
lation testing program. 
Measurement and correlation of IyV characteristics of cell 
modules recently completing EMMAQUA exposure. 
Oontinvmg surveys of materials to fit each of the six iden- 
tified material construction elements. 
A n  emphasized study of commercially available acrylics as 
pottants, adhesives, coatings, and load-bearing materials. 
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